We analyse the entanglement tradeoff between particle and anti-particle modes of a charged bosonic field between inertial and uniformly accelerated observers. In contrast with previous results for fermionic fields, we find that the entanglement redistribution between particle and antiparticle modes does not prevent the entanglement from vanishing in the infinite acceleration limit.
I. INTRODUCTION
One of the main aims in the emerging field of Relativistic Quantum Information is to understand how entanglement depends on the motion of an observer. It has been shown that the amount of entanglement present in a state of free modes of a relativistic quantum field as seen by inertial observers, such as Alice and Bob, is degraded when the same state is analyzed by a uniformly accelerated observer Rob [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . The vacuum state as seen by Alice is a highly populated thermal state for Rob. General states for inertial observers, including entangled states, inherit the noise introduced by the vacuum. Therefore, the states as seen by an accelerated observer would not be thermal but more mixed. The amount of noise would increase with the acceleration while degrading correlations. In this sense, the Unruh effect degrades entanglement [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] .
The temperature of the Minkowski vacuum diverges in the infinite acceleration limit. As a consequence, it was found that correlations present in maximally entangled states of uncharged bosonic field modes vanish in the infinite acceleration limit. Surprisingly, for fermionic field modes, entanglement remains finite in the limit of infinite acceleration (for example, see [9] ). The reasons for this striking difference are not yet understood. In order to address this issue, nonlocal correlations between fermionic particle and antiparticle degrees of freedom have also been taken into account [11] . There the authors considered initially maximally entangled states and three different bipartitions: the first where Rob could not distinguish between particle and antiparticles and two where he could analyze separately particles and antiparticles. They found that the survival of entanglement in the infinite acceleration in the first bipartition could be accounted for by considering the redistribution of entanglement between particle and antiparticle bipartitions. While [11] did improve the understanding of the behavior of fermionic entanglement as described by different observers, the behavior could not be directly compared with that for bosons, as previous work on bosons has fo- * Previously known as Fuentes-Guridi and Fuentes-Schuller.
cused on real scalar fields in which there is no distinction between particles and antiparticles.
In this work we introduce charged bosonic fields. Alice and Bob will analyze a one parameter family of maximally entangled states of Unruh modes. Bob and uniformly accelerated Rob will not agree on the particle content of each of these states. We consider the same bipartitions and analyze the bosonic analogue of the states studied in [11] . We study the entanglement tradeoff between such bipartitions and how the entanglement is degraded as a function of the Rob's proper acceleration. In spite of the presence of antiparticles, we find that mode entanglement always vanishes in the infinite acceleration limit. The redistribution of entanglement between particles and antiparticles observed in the fermionic case [11] does not occur for charged bosons. This supports the conjecture that the main differences in the behavior of entanglement in the bosonic and fermionic case are due to Fermi-Dirac versus Bose-Einstein statistics [12] . This paper is organized as follows: in section II we introduce transformations between Minkowski, Unruh and Rindler modes for charged bosonic fields. This section extends results from [11, 13] and by including anti-particle bosonic modes. In section III, we analyse the entanglement transfer between the particle and antiparticle sectors in different families of maximally entangled states when one of the observers is uniformly accelerated. Finally, conclusions and discussions are presented in section V. Our conventions are the following: = c = 1 and the signature of the metric is (−, +). In the following, M and R will be short notation for Minkowski and Rindler.
II. CHARGED BOSONIC FIELD STATES FOR UNIFORMLY ACCELERATED OBSERVERS
We consider a free charged scalar field Φ in 1 + 1 Minkowski spacetime with metric g µν . For the purposes of this work we consider a massless field without loss of generality. Φ obeys the Klein Gordon equation Φ = 0 where ω,M (t, x) to these field equations take the standard form which can be found in [14] . For 1 + 1 massless scalar, right movers u ± ω,M (t − x) and left movers u ± ω,M (t + x) decouple and we will choose to deal with right movers without loss of generality. These modes satisfy the eigenvalue equation
where ω > 0 is the frequency with respect to ∂ t . We therefore interpret u + ω,M as Minkowski particles and u − ω,M as antiparticles. We define the inner product between two modes in any coordinate chart as
where in Minkowski coordinates we can choose Σ as the t = 0 hypersurface and σ, σ = ±. Modes are (delta) normalized through (2): (u ± ω , u ± ω ) = δ(ω − ω ) and the mixed products vanish.
The field Φ can then be expanded in terms of particle and antiparticle solutions
where 
while all other commutators vanish. A uniformly accelerated observer Rob follows trajectories which are naturally described by a set of Rindler coordinates (η, ξ) and are parametrized by ξ = const. The relation between Minkowski and Rindler coordinates is
where η is the dimensionless time parameter which increases towards the future, ξ > 0, |t| < x, and the line element reads
The part of Minkowski spacetime covered by (η, ξ) is called right Rindler Wedge or region I. Analogously, one can define a region II by
where |t| < −x, ξ < 0 and t → +∞ for η → −∞.
In both regions Rob, moving on a uniformly accelerated world line at ξ = const, would perceive constant proper acceleration of magnitude A = 1/|ξ|. One wishes to find the equivalent expansion for Rob of (3). In his coordinates the operator takes a different form than in the inertial case. Solutions in region I are u ± Ω,I (η, ξ) can be found analytically [13] . Ω > 0 is a dimensionless frequency and these solutions satisfy
One can (delta) normalize such modes through (2), where Σ will be the η = 0 hyper surface, and obtain (u
. Analogously, one can follow the same procedure for region II. The field Φ can then be expanded as
where c Ω,∆ d Ω,∆ are the particle and antiparticle operators of regions ∆ = I, II. They obey the standard commutation relations
Mixed commutators and commutators of operators in different regions vanish and these operators annihilate the Rindler vacuum c Ω,
Equation (2) 
where tanh r Ω = e −πΩ . The transformation between the Minkowski vacuum |0 M and the Rindler vacuum |0 R can be found in a standard way. We first introduce the generic Rindler Fock state |nm, pq Ω as
and the ± sign is again the notation for particle and antiparticle respectively. This allows us to write [15] |0
where T := tanh r Ω , C := cosh r Ω , S := sinh r Ω and |0 Ω M is a shortcut notation used to underline that each Unruh Ω is uniquely mapped to the corresponding Rindler Ω. One particle Unruh states are defined as |1 j
Ω,U |0 M where the Unruh particle and antiparticle creation operator are defined as a linear combination of the two Unruh operators
and q R,L are not independent. When restricted to the same Rindler wedge, for example the right wedge
We require that in this case, and analogously when they are restricted to the left wedge, the Unruh particles and antiparticles have the same interpretation of Rindler particle |10, 00 Ω and antiparticle |00, 10 Ω . Therefore to be consistent with a particular choice of q R and q L , we must choose
Therefore, Unruh L and R excitations are given by
III. PARTICLE AND ANTI-PARTICLE ENTANGLEMENT IN NON-INERTIAL FRAMES
Analyzing entangled states of Minkowski modes involves complicated computations since a single Minkowoski mode corresponds to an infinite superposition of Rindler modes. Therefore, for the sake of simplicity, we choose to analyze entangled states of Unruh modes instead [13] .
We have found the expressions for the vacuum and single Unruh and Rindler particle states. This allows us to analyse the degradation of entanglement as seen by observers in uniform acceleration. Unruh modes with sharp frequency are delta-normalised. As discussed in [13] , one can always consider a superposition of Minkowski modes which will correspond to a distribution of Unruh frequencies Ω. One can then choose the Minkowski distribution in such a way that the Unruh distribution will be peaked around some frequency Ω. Such Unruh wave packets would then be normalized. In the following we study the idealized case of Unruh modes with sharp frequencies. Although such states can be easily treated from a mathematical perspective, their physical interpretation requires deeper understanding. Preliminary results show that extended accelerated Unruh-deWitt detectors with a spatial Gaussian profile naturally couple to a peaked distribution of Unruh modes. These detectors will be used to analyze in more depth physical aspects of entangled states such as those considered in this work [16] .
We first consider the following family of maximally entangled states prepared by inertial observers Alice and Bob.
where U labels bosonic Unruh modes and σ = ± denotes particle and antiparticle modes as usual. The entanglement will not depend on the value of Alice's Minkowski frequency ω, and we may regard the states (17) as parametrised by effectively just one parameter, the dimensionless Rindler frequency Ω. Rob does not naturally describe the states (17) with Minkowski coordinates but with Rindler coordinates. To take this into account we transform the Unruh modes to Rindler ones using (16) . After this transformation, the states become effectively a tri-partite system. Rob will study Rindler modes which have a fixed physical frequency E. Therefore, for any value of his proper acceleration A, he will analyze those states in (17) To study distillable entanglement in this context we will employ the negativity N , defined as the sum of the negative eigenvalues of the partial transpose density matrix [17] . N = 0 is a sufficient condition for a state to be entangled. Two cases of interest will be considered. In the first case we assume that Alice and Rob have detectors which do not distinguish between particle and antiparticles. In this case, particles and antiparticles together are considered to be a subsystem. In the second case we consider that Rob has detectors which are only sensitive to particles or antiparticles and therefore antiparticle or particle states must be traced out.
A. Entanglement in states |Ψ+ and |Ψ−
We start with states (17a) and (17b). To compute Alice-Rob partial density matrix in (17a) we trace over region II in |Ψ + Ψ + | and obtain,
. (18) A major difference between the fermionic and the bosonic case is that in the latter, the Fock space is infinite dimensional in the particle number degree of freedom. In the present case it is therefore not possible to find the eigenvalues of the partial transpose density matrix analytically. However, we calculate N numerically and plot our results in Fig.1 as a function of r = r(Ω). We see that entanglement always vanishes in the infinite acceleration limit as for the uncharged bosonic case. We now analyse the entanglement when Rob is not able to detect antiparticles. In this case Rob's particle modes are entangled with Alice's subsystem. Since Rob cannot detect antiparticles we must trace over all antiparticle states and therefore, (18) 
This yields
In this case we find analytical results. One can show that the partially transposed density matrix of the Alice-Rob bipartition has negative eigenvalues iff
This means that entanglement, quantified by N , vanishes for finite acceleration. We plot the entanglement in this bipartition in Fig. 2 . The entanglement is always degraded in this bipartition and vanishes at finite A. We will compare these results with those of the last part of section III B. We stress that in the present case, the cutoff (20) is the same for every eigenvalue of (19) .
It is interesting to analyze the case where Rob and AntiRob's detectors are only sensitive to antiparticles. In this case one must trace over particle states. We obtain, 
In this case negative eigenvalues in the Alice-Rob partial transpose density matrix exist iff
which can never be satisfied. Therefore, entanglement is always zero in this bipartition. This result is in clear contrast with the fermionic case in which entanglement is always created in this bipartition [11] . We therefore conclude that in the bosonic case the redistribution of entanglement between particles and antiparticles does not occur.
The tensor product structure of the Hilbert space in the fermionic and the charged bosonic case plays an important role in the behavior of entanglement in the infinite acceleration limit. In the case of neutral scalar fields there are no antiparticles and entanglement is completely degraded. One could expect that in the charged bosonic case transfer between particles and antiparticles might occur but we find that this is not the case. In the next section we will see more explicitly that the different statistics play a primary role in entanglement behavior. We also notice that, as in [11] , these results have been computed for the initial state (17a). One can easily find the result for the initial state (17b) by exchanging particle with antiparticle in all the previous calculations and conclusions.
B. Entanglement in state |Ψ1
We now study the entanglement in the state (17c). The density matrix for the subsystem Alice-Rob is obtained from |Ψ 1 Ψ 1 | by tracing over region II:
As in the previous subsection, it is not possible to find an analytic expression for the eigenvalues of (23). We calculate N numerically. We show our numerical results in Fig We find once more that entanglement is degraded in all cases and vanishes in the limit of infinite acceleration. Surprisingly, for small r, we notice that there is a range of values of |q R | where N is not a monotonically decreasing function of r. A similar behavior for a fermionic field was noticed in [18] . We show a sample in Fig. 4 . Assuming now that Rob's detector is only sensitive to particles, we trace over antiparticles in region I and ob-
We are able to analytically find the eigenvalues of the state (24). Unlike the case for the state (19) , where all the eigenvalues could be negative if (20) were satisfied, here we find that only a finite subset of the eigenvalues can be negative and such subset depends on r. For this reason we compute N numerically. The entanglement for this scenario is plotted in Fig. 5 . Assuming that Rob looks only at antiparticles yields analogous results. We find that entanglement behaves very differently to the corresponding fermionic case where entanglement between Alice and Rob's particle (or antiparticle) sector is identically zero. However, here the entanglement grows with acceleration and reaches a maximum value after which it degrades. We trace the difference between the two cases down to extra terms of the form |n n + 2| which appear in (24). Clearly, no such fermionic Fock state as (n + 2)
± Ω can exist due to Pauli exclusion principle.
IV. ON THE INTERPRETATION OF FIELD MODE ENTANGLEMENT IN NON-INERTIAL FRAMES
Employing Unruh modes when analyzing the degradation of entanglement in non-inertial frames considerably simplifies mathematical computations since the Bogoliubov transformations between Unruh and Rindler modes are monochromatic [13] . However, we noticed that including Unruh modes requires a careful analysis of the results since the modes are parametrized by dimensionless Ω = E/A. Therefore, our analysis involves a one parameter family of inertial orthogonal maximally entangled states. By fixing the Rindler frequency E one analyzes the entanglement in a family of states, all of which share the same frequency E as seen by observers with different proper acceleration A. An alternative but also viable interpretation is the following: we analyze the entanglement of a family of states with different frequency E as seen by the same observer moving with fixed proper acceleration A.
Furthermore, we have also pointed out that the physical interpretation of particle states which involve Unruh modes requires deeper understanding. These states are well defined mathematically, however their physical meaning is less understood (see for example, [19] ). Work in progress shows that a finite size Unruh-Dewitt detector in uniform acceleration naturally couples to peaked distributions of Unruh modes [16] . Such detector model is employed to show that the single particle inertial states we consider here appear more mixed when probed by detectors with increasing acceleration.
An alternative analysis on entanglement in non-inertial frames which does not employ Unruh modes but instead involves projective detectors [20] is being considered in [21] .
V. CONCLUSIONS
Including antiparticles in the study of field mode entanglement in non-inertial frames has deepened our understanding of key features which explain the difference in behavior of entanglement in the fermionic and bosonic case. It was shown in [11] that in the fermionic case an entanglement redistribution between particle and antiparticle modes is responsible for the finite value of entanglement in the infinite acceleration limit. In particular, the relative redistribution for different particle and antiparticle bipartitions could be used to explain the behavior of the entanglement when particles and antiparticles were considered as a whole system. In this paper we included antiparticles in the study of bosonic entanglement by analyzing the charged bosonic case and computed the entanglement in the partitions that correspond to those considered for fermions in [11] . We showed that, due to the bosonic statistics, there are substantial differences in the entanglement behavior when particles or antiparticles are not taken into account. We also found that there are values of the parameters for which the negativity is not a monotonically decreasing function of the acceleration. A similar behaviour for a fermionic field was observed in [18] . We confirmed that entanglement is always completely degraded in the infinite acceleration limit independently of the redistribution of entanglement between the particle and antiparticle bipartitions.
We have taken the opportunity to spell out in section IV an interpretational assertion that has been tacitly used in much of the recent literature on quantum correlations between inertial and uniformly accelerated observers. It would be an important question to identify classes of quantum observables for which this assertion would follow from interactions that are explicitly localized near Rob's word line.
